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Abstract
The np pair in the spin–singlet state is treated as a Cooper np–pair within the
extension of the Nambu–Jona–Lasinio model of light nuclei, describing the deuteron
as a Cooper np–pair in the spin–triplet state. For the Cooper np–pair in the spin–
singlet state we compute the binding energy and express the S–wave scattering
length of np scattering in the spin–singlet state in terms of the binding energy. The
theoretical value of the S–wave scattering length of np scattering agrees well with
the experimental data.
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At very low energies the S–wave amplitude of np scattering in the 1S0 state (the
spin–singlet state) can be written as [1, 2]
fnp(k) =
1
−κnp − i k , (1)
where 1/κnp = anp can be identified with the S–wave scattering length of np scattering in
the spin–singlet state 1 and k is a relative momentum of the np pair. The experimental
value of the S–wave scattering lengths of np scattering in the spin–singlet state is equal
to anp = (− 23.75± 0.01) fm [2].
According to Landau and Lifshitz [1], the S–wave scattering length anp = (− 23.75±
0.01) fm of np scattering in the spin–singlet state testifies the existence of the virtual level
with the binding energy ε1S0 = κ
2
np/mN = 1/a
2
npmN = 0.074MeV, where mN = 940MeV
is the nucleon mass.
It is well–known that strong low–energy interactions of the np pair in the 3S1 state
(the spin–triplet state) lead to the existence of the bound state, the deuteron [2] with
the binding energy εD = 2.225MeV [2]. The quantum field theoretic approach to the
description of the deuteron as the Cooper np pair has been developed within the Nambu–
Jona–Lasinio model of light nuclei in Refs. [3]–[7] 2.
As has been shown in [3]–[7] the NNJL model describes well the low–energy parameters
of the deuteron, such as the binding energy, the dipole magnetic and electric quadrupole
moments [3], the ∆∆ component of the wave function of the deuteron in the ground
state [4], the low–energy nuclear reactions with the deuteron of astrophysical interest [5],
the asymptotic ratio D/S [6] of the wave function of the deuteron 3 and the energy level
displacement of the ground state of pionic deuterium [7].
The existence of the metastable resonance of the np pair in the spin–singlet state with
a mass in the vicinity of the threshold mass of the np pair and the possibility to treat this
metastable state as a Cooper np–pair has been suggested by Ericson [9] (see also [10]).
In this letter we follow a suggestion by Ericson [9] and treat the np pair in the spin–
singlet state as a Cooper pair in a way analogous to the NNJL model [3]–[7]. The local
interpolating field operator of the np pair in the spin–singlet state we define as follows
S(x) = nc(x)iγ5p(x) [3], where n(x) and p(x) are the interpolating field operators of the
neutron and the proton, respectively. The effective low–energy Lagrangian, unstable with
respect to the production of the metastable resonant np pair in the spin–singlet state and
containing only the fields of the neutron and the proton, we define as follows [3]
Lnp(x) = n¯(x) (iγµ∂µ −mN)n(x) + p¯(x) (iγµ∂µ −mN) p(x)
+
g2S
4m2N
[p¯(x)iγ5nc(x)][nc(x)iγ5p(x)] + . . . , (2)
where ellipses stand for low–energy interactions of the neutron and the proton with other
1For simplicity we neglect the contribution of the effective range [1, 2].
2We use the abbreviation the NNJL model that means the Nuclear Nambu–Jona–Lasinio model [3].
3The asymptotic ratio D/S of the D–wave component to the S–wave component of the wave function
of the deuteron in the ground state has been computed in the NNJL model in agreement with the results
obtained by Ericson within the potential model approach [8] and the experimental value, which has been
used by Kamionkowski and Bahcall [8] for the calculation of the astrophysical factor for the solar proton
burning p+ p→ d+ e+ + νe.
2
fields [3]. The coupling constant gS is related to the coupling constant gV of the NNJL
model [3]4 as gS = gV /
√
3 [5] 5.
In order to introduce the interpolating local field S(x) we should linearalize the La-
grangian (2). Following the procedure described in [3] we get
Lnp(x) = n¯(x) (iγµ∂µ −mN)n(x) + p¯(x) (iγµ∂µ −mN) p(x)
− 4m2N S†(x)S(x) + gS [nc(x)iγ5p(x)]S†(x) + gS [p¯(x)iγ5nc(x)]S(x) + . . . . (3)
For the derivation of the effective Lagrangian of the physical S–field we should integrate
over nucleon fields [3].
Following the procedure of the integration over the nucleon fields, expounded in [3],
we arrive at the effective Lagrangian of the collective field S(x) = nc(x)iγ5p(x):
L(x) =
(
1 +
g2S
8pi2
J2(mN )
)
∂µS
†(x)∂µS(x)−
(
4m2N −
g2S
4pi2
J1(mN )
)
S†(x)S(x), (4)
where J1(mN ) and J2(mN ) are divergent integrals related by [3]
J1(mN) = 2m
2
NJ2(mN) =
4
3
Λ3D
mN
∼ O(1/NC). (5)
The cut–off ΛD = 46MeV [3] restricts from above 3–momenta of low–energy fluctuations
of virtual neutron and proton fields forming the physical metastable resonant np state
[3]. Making a renormalization of the wave function of the collective field S(x) [3], S(x)→
Z1/2S(x), where Z = 1+ (g2S/8pi
2) J2(mN) is the wave function renormalization constant,
we obtain the following effective Lagrangian:
L(x) = ∂µS†(x)∂µS(x)−m2S S†(x)S(x). (6)
The mass of the field S(x) is equal to
mS = Z
−1/2
√
4m2N −
g2S
4pi2
J1(mN ) = 2mN − g
2
S
4pi2
mNJ2(mN ), (7)
where we have used the relation (5).
Following Ref.[3] we define the binding energy of the np pair in the spin–singlet state,
described by the local interpolating field S(x). It reads
εS =
g2S
4pi2
mNJ2(mN ) =
g2V
18pi2
Λ3D
m2N
= (0.079± 0.012)MeV, (8)
where ±0.012 is a theoretical accuracy of the approach [3]–[7].
The theoretical value of the binding energy εS = (0.079 ± 0.012)MeV agrees well
with the binding energy ε1S0 = 0.074MeV, defined by the experimental S–wave scattering
length of np scattering in the spin–singlet state.
4The coupling constant g2
V
= 2pi2m2
N
QD = (11.3)
2, where QD = 0.286 fm
2 is the electric quadrupole
moment of the deuteron, is responsible for the existence of the deuteron as a Cooper np–pair [3].
5Such a relation can be easily obtained in the one–pion exchange approximation [5].
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Using Eq.(8) we can compute the S–wave scattering length of np scattering in the
spin–singlet state. Following Landau and Lifshitz [1], we obtain
aS = − 1√
εSmN
= (−23.00± 1.74) fm. (9)
The theoretical value of aS agrees well with the experimental one anp = (− 23.75±0.01) fm.
Thus, we have shown that, as it has been suggested by Ericson [9], the np pair in the
spin–singlet state can be treated as a Cooper np–pair with mass to be very close to the
threshold mass 2mN . The difference εS between the threshold mass and the mass of the
Cooper np–pair mass can be identified with the binding energy of the virtual level [1]. The
theoretical value εS = (0.079±0.012)MeV agrees well with the the binding energy ε1S0 =
0.074MeV of the virtual level defined by the experimental value anp = (− 23.75±0.01) fm
of the S–wave scattering length of np scattering in the spin–singlet state.
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